Purpose: The aim of this study was to achieve millimeter spatial resolution sodium in vivo MRI of the human eye at 7 T using a dedicated six-channel transceiver array. We present a detailed description of the radiofrequency coil design, along with electromagnetic field and specific absorption ratio simulations, data validation, and in vivo application. Methods: Electromagnetic field and specific absorption ratio simulations were performed. Transmit field uniformity was optimized by using a multi-objective genetic algorithm. Transmit field mapping was conducted using a phase-sensitive method. An in vivo feasibility study was carried out with 3-dimensional density-adapted projection reconstruction imaging technique. Results: Measured transmit field distribution agrees well with the one obtained from simulations. The specific absorption ratio simulations confirm that the radiofrequency coil is safe for clinical use. Our radiofrequency coil is light and conforms to an average human head. High spatial resolution (nominal 1.4 and 1.0 mm isotropic) sodium in vivo images of the human eye were acquired within scan times suitable for clinical applications ($ 10 min). Conclusions: Three most important eye compartments in the context of sodium physiology were clearly delineated in all of the images: the vitreous humor, the aqueous humor, and the lens. Our results provide encouragement for further clinical studies. The implications for research into eye diseases including ocular melanoma, cataract, and glaucoma are discussed. Magn Reson Med 80:672-684,
INTRODUCTION
A growing number of reports refer to proton MRI of the human eye and orbit in vivo at ultrahigh magnetic fields (B 0 ! 7 T). Recent studies include high-spatial resolution imaging of the bulbus oculi and its surrounding structures (1, 2) , the optic nerve (3, 4) , and retrobulbular vessels (5) . Ultrahigh field MRI can also help to differentiate eye tumors such as uveal melanomas from healthy tissues with high fidelity (6) (7) (8) (9) . Diffusion-weighted ophthalmic imaging free of geometric distortions at 7.0 T provides value for diagnosis and treatment of intraocular masses (10) . Yet the potential of ultrahigh field MRI in diagnosing ocular disorders remains to be further utilized. Sodium ( 23 Na) imaging could be complementary to proton MRI in this context, as it provides a different type of diagnostic information that is more closely related to tissue physiology.
Sodium ions (Na þ ) play a key role in various physiological processes in the eye (11) . They are an important component of the vitreous humor (VH). The active transport of Na þ is a driving force in the formation of the aqueous humor (AH), and is essential for maintaining the hydration status and thus the transparency of the cornea (12) . It maintains a specific Na þ /K þ gradient between the lens and VH, and also forms the basis for the movement of water and lactate in the retina from the retinal side to the blood. These crucial functions suggest that probing tissue sodium concentration (TSC) in the eye through MRI would add a very useful new dimension to our understanding of ocular disorders.
This strategy would likely be useful in the various types of cataracts and glaucomas, which remain two main causes of blindness and currently affect almost 30 million people in the United States (13, 14) . A number of studies have found increases in Na þ concentration in cataractous lenses (15, 16) . Diminished Na concentration in the AH (17) probably contributes to the pathophysiology of bilateral acute angle closure glaucoma (18) . MRI studies have confirmed that TSC is higher in malignant brain (19) and breast (20) tissue than in their healthy counterparts, suggesting that the same may be true in eye tumors, which are detected in 2500 patients in the United States every year (21) . These findings indicate that 23 Na quantification in the eye may be a valuable aid not only in diagnosis, but also in follow-up after proton beam therapy for eye tumors (22) .
Ultrahigh field MRI is accompanied by an inherent improvement in the signal-to-noise ratio (SNR) that opens the door on visualizing 23 Na, the nucleus that yields the second strongest NMR signal, and the physiological processes in which it is involved. Whole-body 23 Na imaging at 3 T has shown that relative SNR in the eye is second highest among all tissues (23) . Although 23 Na MRI has already been performed at 7 T for tissues including the brain (24) , kidneys (25) , heart (26, 27) and skin (28) , there has not yet been a report of 23 Na imaging of the human eye in vivo at ultrahigh field, or even at lower field strengths. A few ex vivo studies have been conducted on enucleated bovine and human eyes (29) (30) (31) (32) . The only in vivo data can be found by coincidence in publications on 23 Na imaging of the human brain at different field strengths: 1.5 T (33), 3.0 T (34), 4.7 T (35), 7.0 T (24), and 9.4 T (36). One must notice that suboptimal radiofrequency (RF) coil setups in the context of eye imaging were used for these investigations, even though the main observation from these studies is that 23 Na signal from the eyes, which is prominent in particular slices of the human head, essentially dominates any other 23 Na signal from the brain.
The aim of this study is to achieve millimeter isotropic spatial-resolution 23 Na imaging of the human eye in vivo at 7 T, and to determine its value in understanding and diagnosing diseases of this intricate tissue. For this purpose, we propose a six-channel transceiver RF array that covers both eyes and is customized for 23 Na imaging of this tissue at 7 T.
A detailed description of the RF coil design is presented, along with results from the electromagnetic field (EMF) and specific absorption ratio (SAR) simulations. Phantom experiments were conducted to validate the EMF simulations and to carefully assess the performance of the proposed transceiver array. The RF coil performance for 23 Na imaging of the human eye is demonstrated in vivo in an initial feasibility study. The merits and limitations of the proposed transceiver array are discussed, along with a consideration of the implications of the approach for clinical 23 Na ophthalmic MRI at 7 T.
METHODS

Radiofrequency Coil Design
The proposed RF coil array consists of six loop elements, and is symmetrically divided into two sections. Each section consists of three loop elements, which are angled to each other to conform to the anterior part of an average human head, as demonstrated in Figure 1 . The size of a single element (36 Â 71 mm) was chosen Red arrows represent discrete ports used for the electromagnetic field simulations. Right: Schematic of the six-channel transceiver RF array. Every channel was tuned to the resonant frequency with a tuning capacitor (C Ti , i¼{1,. . .,6}) and matched to the 50-V impedance with a matching capacitor (C Mi , i¼{1,. . .,6}). Trimmer capacitors were used to decouple Elements 1 and 2 (C D12 ) as well as Elements 2 and 3 (C D23 ). Because of the symmetry of the circuit, the same method was applied to decouple Elements 4 and 5 and Elements 5 and 6. Inductors used for decoupling of channels (1 and 3, 4 and 6, and 3 and 6) are denoted as L D13 , L D46 , and L D36 , respectively. Inductors L D13 and L D46 were built as two-turn solenoids, and inductors L D36 were built as a one-turn solenoid (wire thickness ¼ 1 mm, inner diameter ¼ 6 mm). Their inductances were slightly modified during the process of tuning and matching, to reduce coupling to an acceptable level.
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23 Na 7T MRI of the Human Eye 673 to achieve sufficient RF penetration depth (37) for eye imaging. The shape and the surface area of an average human head limit the number of elements per eye. Applying more than three elements per eye does not contribute to the improvement of the RF coil's performance, because they would be already too far from the region of interest. Two more elements (one per eye) could be added from the top, but they would couple strongly with all of the other loops. Offsetting the extra coupling would require more decoupling circuits (resulting in increased losses), so that the total weight would increase along with impairment in the patient comfort without any gain in the performance. The arrangement of Element 1 (or Element 4) versus Element 2 (or Element 5) was obtained by applying an inclination angle of 151 . To arrange Element 2 (or Element 5) versus Element 3 (or Element 4), an angle of 161 was applied. The six-channel array is made up of four loops of rectangular shape (Elements 1, 2, 4, and 5) and two of polygonal shape (Elements 3 and 6). The polygonal loops are designed to fit the space around the nose in a way that permits bilateral vision through them (Figs. 2a to 2c ). To achieve a sufficient RF field penetration depth, the height of a single loop was set at 71 mm and its width at 36 mm. The width of the conductor was 10 mm. The elements designed in this way were manufactured from 36-mm copper on a 0.5-mm FR-4 substrate using a CNC machine (ProtoMat, LPKF Laser & Electronics AG, Garbsen, Germany). Adjacent loops (Elements 1/2, Elements 2/3, Elements 6/5, and Elements 5/4), which share a common conductor, were capacitively decoupled. Nonadjacent loops (Elements 1/ 3 and Elements 6/4) were inductively decoupled, as were the two loops around the nose (Elements 3/6). The capacitive decoupling was achieved using chip ceramic capacitors (American Technical Ceramics Inc, Huntington Station, NY, USA), along with trimmer capacitors (Voltronics Inc, Cazenovia, NY, USA). Inductive decoupling was accomplished using inductors (inner diameter of 6 mm, wire thickness of 1 mm) covered by a thin layer of insulation. To facilitate inductive decoupling between nonadjacent elements, two small pieces of coaxial cable were used to close the circuits as illustrated in Figure 1 . Cable traps were placed 10 cm away from the coil to eliminate common mode currents (Fig. 2a) . They were built from a wound cable and a capacitor, which was soldered to the outer shield of the cable. The coil casing was designed by using Autodesk Inventor Professional 2013 (Autodesk Inc, San Rafael, CA, USA), and was constructed from ABS material using a 3-dimensional (3D) printer (BST 1200es, Dimension Inc, Eden Prairie, MN, USA). The dimensions of the proposed array conform to the phantom used for validation of the simulations (Fig. 2b) and to an average human head (Fig. 2c) .
Numerical EMF Simulations
The EMF and SAR simulations were performed using the Finite Integration Technique of CST Studio Suite 2015 (CST AG, Darmstadt, Germany) with the human voxel models Duke (male) and Ella (female) from the Virtual Family (38) . The electrical properties of all tissues were altered according to the IT'IS database (IT'IS, Zurich, Switzerland). The coil casing was designed with Autodesk Inventor Professional 2013, which was imported into the CST Studio Suite and included in the EMF and SAR simulations. The results of the simulations were exported from the CST Studio Suite into the Advanced Design System (Keysight EEsof EDA, Keysight Technologies, Santa Rosa, CA, USA). In Advanced Design System, each loop element of the coil array was tuned to the resonant frequency of 78.6 MHz and matched to the impedance of 50 V. Coupling between all of the elements was analyzed, and capacitive-inductive circuits were designed to reduce it. Capacitors and inductors used in simulations were modeled with additional resistances, which represented typical losses for lumped elements and losses inherent to soldering joints (37, 39) . The final circuit designed in Advanced Design System was reproduced in the same way in the schematic view in CST. This setup was used to calculate the transmit field (B þ 1 ) of the six-channel array and SAR distribution in the human voxel models Duke and Ella. The input power was adjusted to meet the regulations provided by the International Electrotechnical Commission guideline 60601-2-33 Ed.3.
Bench Evaluation
Bench measurements were performed using an eightchannel vector network analyzer (ZVT 8, Rohde & Schwarz, Memmingen, Germany). Full sets of Sparameters were measured for various loading conditions, including nine volunteers (body mass index: 20.1-27.1 kg/m 2 , average body mass index ¼ 23.2 kg/m 2 ; age: 26-33 years, average age ¼ 29.5 years). S-Matrices were measured, exported from the network analyzer, and analyzed in MATLAB (The MathWorks, Natick, MA, USA). The whole RF chain (RF power splitter, transmit/receive (T/R) interface, adapters, phase cables, and T/R switch driver) and its inevitable losses were also measured with the network analyzer. To approach the real performance of the coil, these data were exported as a separate Smatrix and included in later EMF simulations.
Magnetic Resonance Hardware
Phantom and human imaging studies were conducted on a 7T whole-body system (Magnetom, Siemens Healthcare, Erlangen, Germany), equipped with a gradient system that supported a slew rate of 170 mT/m/ms and a maximum gradient strength of 38 mT/m. For RF transmission, a single-channel RF amplifier (P max ¼ 8 kW, Stolberg HF-Technik AG, Stolberg-Vicht, Germany) was applied. The single-channel RF signal was split into six channels using a Wilkinson power divider, as shown in Figure 2d . All of the outputs provided signals of equal amplitude and phase, and were connected via phase cables to a multipurpose interface box (MRI.TOOLS GmbH, Berlin, Germany) (Fig. 2e) . The multipurpose interface box consists of 16 T/R switches (Stark Contrasts, Erlangen, Germany): 8 for proton ( 1 H) and 8 for 23 Na resonant frequency at 7 T, along with integrated low-noise preamplifiers (Stark Contrasts, Erlangen, Germany). Proton MRI was performed using a volume coil (Siemens, Erlangen, Germany) (Fig. 2f) , which is a circularly polarized birdcage configuration (inner diameter ¼ 34 cm).
Transmit Field Optimization
To achieve higher transmit field (B þ 1 ) homogeneity in the target region, B þ 1 optimization was performed. For this purpose, the electromagnetic properties of the human voxel model tissues were extracted from CST, together with the mesh data and the B þ 1 fields of all of the individual coil's elements. Second, a mask, which contained all of the tissues belonging to the eyes (vitreous humor, sclera, cornea, and lens), was defined and used in further steps of the optimization. The mask was also isotropically enlarged (sphere's radius ¼ 6 mm) and further modified using radially restricted (hemisphere's radius ¼ 6 mm) morphological dilation. A multi-objective genetic algorithm (40) implemented in MATLAB was used to optimize the B 
Phantom Experiments
A cylindrical phantom was designed and built to compare simulated and measured B þ 1 distribution for the PO. The phantom (radius ¼ 70 mm; length ¼ 250 mm; permittivity e r ¼ 81; conductivity s ¼ 0.97 S/m) was filled with a water solution containing NaCl (130 mmol/L, a concentration similar to that in the human eye) and CuSO 4 (Fig.  2b) . B þ 1 mapping was conducted using a phase-sensitive method (41) , which was incorporated into a densityadapted 3D projection reconstruction imaging technique (3D-DAPR) (42) .
Volunteer Study
For the in vivo feasibility study, subjects were included after receiving approval by the local ethical committee (registration number DE/CA73/5550/09, Landesamt f€ ur Arbeitsschutz, Gesundheitsschutz und technische Sicherheit, Berlin, Germany). Informed written consent was obtained from each volunteer before the study, in compliance with the local institutional review board guidelines.
Sodium MRI was performed in seven healthy adult volunteers ( A 3D-DAPR imaging technique was used to perform 23 Na imaging of the eyes. The volunteers were asked to keep their eyes closed during the examination. No extra measures were applied to reduce eye motion. Both eyes were imaged at the same time. The nominal spatial resolutions were chosen based on the available SNR. The transceiver array that was placed in close proximity to the eyes provides much higher SNR than traditional volume coils, which are commonly used for 23 Na MRI of humans. Thus, the spatial resolution is closer to the resolutions achieved with sophisticated receive arrays at higher field strengths (36) . This enables the The averaged values for reflection coefficients were found to be À19.8 dB for S 11 , À24.2 dB for S 22 , À22.5 dB for S 33 , À21.5 dB for S 44 , À25.0 dB for S 55 , and À20.1 dB for S 66 . The highest coupling occurs between Elements 2/6 and between loop elements, which were capacitively decoupled: 2/3 and 4/5. homogeneity. It contains all tissues that are considered in the voxel model to belong to the eye: the vitreous humor, the sclera, the cornea, and the lens. The black contours represent the extended mask, which provided an error margin and was used for the transmit field optimization.
delineation of various structures in the eye as well as potential pathologies. For instance, the mean axial and equator thickness of an average healthy human lens is approximately 4 mm (ranging from 3.5 to 4.5 mm) and 8.5 mm (ranging from 7.5 to 9.5 mm), respectively (43) , and the mean anterior chamber depth, which is filled with aqueous humor, is approximately 3 mm, ranging from 2 to 4 mm (44). The mean vitreous length is 16 mm, ranging from 14 to 18 mm (45). Typical intraocular masses of interest are between 1 and 3 mm in height, and between 5 and 16 mm on the basis (46) .
Pulse sequence parameters were chosen to achieve a compromise between short acquisition time, high spatial resolution, and high SNR. The TR was varied between the two 1-mm isotropic spatial resolution scans to reduce the acquisition time by 3 min and 20 s. To meet this goal, the readout duration needed to be shortened accordingly. The images acquired with this setup provided lower SNR (caused by shorter readout duration) than the data sets obtained with a scan time of 14 min and 10 s. However, the most important anatomical details were still prominent in the image acquired with the shorter scan time. We assumed T 1 to be similar to T 1 of cerebrospinal fluid (47) (T 1 $ 65 ms), which is a legitimate approach, as cerebrospinal fluid and vitreous humor showed reduced signal intensity in the corresponding 23 Na inversion recovery images. However, because T 1 weighting was not our goal, we permitted T 1 weighting to achieve higher spatial resolution. We calculated the Ernst angle for the given T 1 , which is close the calculated Ernst FA was used. The TE was not constrained by the use of the proposed transceiver array. The TE in the DAPR sequence is defined as the period of time between the middle of the rectangular excitation pulse and the beginning of the readout. The minimum time between the excitation pulse and the start of the readout is 50 ms. The latter is dictated by the T/R switch hardware, which governs the T/R switching time. The T Ã 2 reported by Kohler et al (30) for enucleated human eye was measured to be approximately 45 ms at 1.9 T. It is expected to be equal or shorter at 7 T. Therefore, the parameters for 3D-DAPR imaging were chosen as follows:
1. For a nominal isotropic resolution of 1.4 Â 1. Full width at half maximum of the point spread function was simulated for a given range of T RO /T Ã 2 . Even if we assume T Ã 2 to be much shorter than 45 ms, such as 30 ms, the full width at half maximum value does not change substantially. It is fair to assume that for all of the sequence protocols, the full width at half maximum is 2 pixels or less (including filtering).
RESULTS
Radiofrequency Coil Performance
The measured S-matrix averaged over 9 volunteers (5 men and 4 women) is demonstrated in Figure 3 . The S 11 values for all volunteers were found between À17.0 and À21.5 dB, S 22 between À18.7 and À38.2 dB, S 33 between À17.1 and À26.0 dB, S 44 between À13.1 and À34.3 dB, S 55 between À12.4 and À36.7 dB, and S 66 between À12.0 and À28.3 dB. Applying capacitive decoupling between Elements 1 and 2 (and because of the symmetry of the circuit, between 4 and 5) and between 2 and 3 (or 5 and 6) yielded averaged transmission coefficient values of À16.4 dB for S 12 (À14.0 dB for S 45 ) and À13.1 dB for S 23 (À16.8 dB for S 56 ). Applying inductive decoupling between Elements 1 and 3 (4 and 6) gave À17.8 dB for S 13 (À17.7 dB for S 46 ), and À19.1 dB between Elements 3 and 6 for S 36 . The cylindrical phantom was used to evaluate the Q UL /Q L ratio for each loop element of the array. The measurements yielded the Q UL /Q L ratio as follows: Element 1: 1.8, Element 2: 2.1, Element 3: 1.3, Element 4: 1.7, Element 5: 1.6, Element 6: 1.3. The average Q UL /Q L ratio for all of the loops was estimated to be 1.6.
Electromagnetic Field and SAR Simulations
The method used for B þ 1 optimization yielded more than one satisfying solution. We chose the one that provided the highest B . The B þ 1 homogeneity for PO was assessed in the defined volume of interest, which covered both eyes of the human voxel models, yielding a standard deviation of 15.8% for Ella and 15.2% for Duke (Fig.  4) . Local SAR values averaged over 10 g (SAR 10g ) were derived from the EMF simulations for PO using the human voxel models Duke and Ella (Fig. 5) for an input power of 1 W. The SAR simulations included the measured RF chain to accurately capture its losses and imperfections. Local SAR maxima were found to be 0.61 W/kg for Duke and 0.54 W/kg for Ella. Including a safety factor of 2.5, time-averaged forward power was limited to 6.7 W, to stay below the 10-W/kg limit set by the International Electrotechnical Commission guidelines.
Phantom Experiments: B þ 1 Mapping Phantom studies were conducted to compare the simulated B þ 1 distribution with the measured transmit field for PO, which was later used for in vivo human imaging. A transversal slice through the center of the phantom was aligned with the center of the RF coil to determine whether there were differences between transmit field measurements and simulations (Fig. 6a) . The transmit field maps were in very good agreement both qualitatively and quantitatively (Fig. 6b ). These results demonstrate validity of the RF coil design and support the credibility of the SAR simulations.
In Vivo Feasibility Study
The in vivo feasibility study yielded high spatial resolution 23 Na MR images of the human eye at 7 T for female and male volunteers (Figs. 7-9 ). Another data set obtained from a female subject is highlighted in Supporting Figure S1 . Supporting Figure S2 shows an extra data set obtained from a male subject. A nominal isotropic resolution of 1.4 mm 3 was achieved within an acquisition time (TA) of 10 min and 50 s. A nominal isotropic resolution of 1.0 mm 3 was achieved with TA of 14 min and 10 s. For the same spatial resolution, a TA of 10 min and 50 s was used when TR was shortened to 13 ms. Three of the most important tissues in the context of sodium physiology can clearly be distinguished in all of the images: the vitreous humor, the aqueous humor, and the lens. The SNR estimation of the data was conducted for one eye (sagittal slice in Figs. 7-9 ) for female and male volunteers. The vitreous humor showed a mean SNR male1 % 17, mean SNR male2 % 21, and mean SNR female % 28 for the data with isotropic resolution of 1.4 mm 3 . A mean SNR male1 % 7, mean SNR male2 % 8, and mean SNR female % 12 was observed for the data with isotropic resolution of 1.0 mm 3 (TA ¼ 10 min 50 s). Aqueous humor yielded a mean SNR male1 % 18, mean SNR male2 % 22, and mean SNR female % 31 for the acquisition using isotropic resolution of 1.4 mm 3 . A mean SNR male1 % 7, mean SNR male2 % 8, and mean SNR female % 13 was obtained for the images acquired with an isotropic resolution of 1.0 mm 3 (TA ¼ 10 min 50 s). The SNR averaged over all subjects involved in this study showed a mean SNR vitreous humor ¼ 20 6 4 and mean SNR aqueous humor ¼ 21 6 5 for the spatial resolution of 1.4 mm isotropic, and mean SNR vitreous humor ¼ 8 6 2 and mean SNR aqueous humor ¼ 9 6 2 for the spatial resolution of 1.0-mm isotropic (TA ¼ 10 min 50 s). Images (central sagittal slice) obtained from female volunteers (SNR vitreous humor ¼ 23 6 5 and mean SNR aqueous humor ¼ 25 6 6) revealed higher SNR versus male volunteers (SNR vitreous humor ¼ 17 6 2 and mean SNR aqueous humor ¼ 18 6 2). Following the literature, no significant sex-dependent differences in Na þ concentration in the eye are to be expected (48) . The differences in SNR may arise from different coupling between the coil and the volunteer. The RF coil geometry conforms slightly better to an average female head versus an average male head, which might induce the SNR difference found between male and female volunteers.
For data evaluation, no sensitivity correction was applied. Data obtained for all of the receive channels were combined using the sum-of-squares method, so that some of the lateral regions of the eyes can look brighter. The 23 Na images of the brain, including the eye, which were acquired for the same pulse sequence, were reported by Nagel et al (47) . To confirm the enhancement in spatial resolution enabled by the proposed transceiver array, data were acquired for healthy volunteers using exactly the same pulse sequence parameters and imaging protocol as for the 1.4-mm spatial resolution scan, with the exception that the spatial resolution was set to 3 Â 3 Â 3 mm 3 . The latter mimics the "typical" spatial resolution accomplished with volume coils tailored for 23 Na MRI of the brain (47) . For this purpose, the gradient amplitude was reduced. Figure 9 surveys the data obtained with an isotropic spatial resolution of 3, 1.4 and 1 mm, and underscores the gain in spatial resolution performance enabled by the proposed transceiver array. 
DISCUSSION AND CONCLUSIONS
This work demonstrates that the proposed six-channel transceiver array supports high-spatial resolution, in vivo 23 Na imaging of the human eye at 7 T. We obtained images with a nominal isotropic resolution of 1.4 and 1.0 mm 3 , both achieved within a clinically acceptable scan time of approximately 10 min. The quality of the images permits clear distinctions among the vitreous humor, the aqueous humor, and the lens. The RF coil is light-weight and can be applied to an average human head. To maintain patient comfort, an extra mask made of very soft material was placed between the RF coil and the volunteer's face. This solution provides comfort and eliminates the problem of mismatch between the edges of the casing and the shape of the volunteer's face. This approach preserves the coil's light weight (approximately 600 g). Possible movement of the coil was eliminated by adding sponges between the transceiver array and the volume coil. Our measurements reveal an acceptable level of sensitivity to different loading conditions that should not be an issue when being used with patients. B proposed RF coil fulfills the safety requirements for local transmit arrays and presents no obstacles to future patient studies. The DAPR method is less susceptible to artifacts caused by B 0 inhomogeneities compared with conventional radial sampling (42). We do not expect visible distortion or signal dropouts as a result of B 0 inhomogeneities with the applied parameters. However, we did not correct for the B 1 profile of the coil, which results in slight inhomogeneities. Our design departs in several respects from others found in the literature. To our knowledge, it is the first study that uses a dedicated RF coil to carry out 23 Na imaging of the human eye in vivo. As stated previously, the only prior attempts to image 23 Na in the eye in vivo have focused on 23 Na imaging of the brain. These investigations were done at lower field strengths than ours, using suboptimal RF setups in the context of eye imaging. For instance, Shen et al (33) used dual-tuned birdcage at 1.5 T. Lommen et al (49) and Madelin and Regatte (34) performed an experiment at 3 T with a volume coil as well. Qian et al (24) carried out 23 Na imaging of the brain at 7 T with a birdcage coil and 15-channel receive-only array. It is hard to use that study as a reference, as signal from the eyes was cut away in the image. Shajan et al (36) proposed a 23 Na four-channel transceiver and 23 Na 27-channel receive-only array, used together, they supported 23 Na imaging of the brain at 9.4 T, a field strength higher than reported here. Their results could be considered as comparable with ours. However, the receive-only coil that they used was optimized for whole-brain imaging, with much larger array loops. It introduces additional noise in the context of eye imaging and can be further optimized.
One issue that is relevant to this design that does not affect the validity of the findings should be noted as an area for further improvement. We used inductive decoupling to reduce severe coupling between nonadjacent elements, but this method is a costly solution. The issue affects both the efficiency of transmission and SNR, and becomes apparent when the Q UL /Q L ratio is analyzed for all of the elements. As expected, the ratios are lowest for Elements 3 and 6, which are overloaded with inductors. At lower frequencies, RF coils do not couple as strongly to the load-a reason we expected the Q UL /Q L ratio to be worse than was found, for example, at 300 MHz (the resonant frequency of protons at 7 T). However, these losses should be considered as new designs are developed. One obvious solution would be to use a multichannel receive-only array, which would probably provide benefits in terms of SNR, but this would require the design of a transmit-only (or transceiver) volume or semivolume coil. This could be accomplished with either dual-tuned ( 23 Na/ 1 H) coil or two separate coils. For example, an 23 Na transmit array and a nested configuration for 1 H could be applied.
The potential of this project for clinical applications derives from the role of Na þ in eye physiology. This discussion will consider the VH, AH, and the lens (i.e., tissues that are particularly clear in our images) as well as the retina, because of its key role in processing optical signals.
The concentration of Na þ in the vitreous should be close to that of plasma, at approximately 135 mmol/L (11) . Changes in concentrations of substances in the vitreous body likely reflect processes in adjoining tissues.
Active secretion accounts for 80 to 90% of total AH formation and is driven by primary active transport of Na þ (11) . This triggers the movement of other molecules through cell membranes. The functions of other cotransporters, such as Na þ /H þ and Na-K-2Cl, which are involved in further processes, require sodium ions as well. This emphasizes the importance that Na þ plays in AH formation and potential reabsorption.
Sodium ions are also essential for the normal functioning of the retina (11) . Elimination of an excessive amount of water is driven by Na þ /K þ -ATPase, located in the retinal pigment epithelium. Lactic acid is removed by the monocarboxylate transporter, which is driven by the activity of Na þ /H þ exchanger. Na þ concentration in the lens is much lower than in the VH, reported to be approximately 20 mmol/L (15) . Ion circulation between the lens and the VH provides nutrients for the lens. This concentration gradient is driven by the activity of Na þ /K þ -ATPase, located in the lens epithelium (50) .
The crucial roles of these processes involving sodium ions, as well as their roles in tissue homeostasis, suggest that various pathologies may lead to abnormal sodium concentrations in the fluid compartments and tissues of the eye. Because these changes could be detectable in MRI, it is quite plausible that a noninvasive method of measuring 23 Na concentrations in patients with various eye disorders will contribute to our understanding of disease pathologies, and yield diagnostic information. Consideration what is known about glaucoma and cataracts, which are the leading causes of blindness, and eye tumors, can provide an indication of the role of sodium and the potential changes it undergoes during the development of these diseases.
The lack of TSC quantification is a recognized limitation of this feasibility study. We are acutely aware that an accurate quantification of 23 Na content of the eye's compartments requires a very well-validated algorithm. This could include placing external sodium concentration standards into the target region. Instead, we propose building a phantom with proper T 1 and T 2 relaxation characteristics, which couples with the RF coil almost like a human head. TSC quantification also requires B 0 field, transmit field, and sensitivity correction. Another issue that needs to be addressed in finding reliable tissue sodium quantification is the correction of eye movements. This correction is most relevant for smaller compartments, such as the aqueous humor and the lens. Therefore, we anticipate the implementation of an eye tracking system. Sodium in vivo imaging of the human eye in patients has not yet been reported. Our knowledge is based on ex vivo studies. Therefore, we cannot be absolutely sure about what kind and magnitude of signal intensity or 23 Na concentration changes are to be expected for diseases and disorders of the eye under in vivo conditions. We suggest starting with a qualitative identification of these changes, first in a small patient cohort as a mandatory precursor to broader patient studies involving tissue 23 Na content quantification. The biomedical literature contains multiple reports of elevated 23 Na content in tumors (19, 20, 51) . Sodium imaging of the human eye in vivo at 7 T could be used as a complement to proton imaging data, which might help in the planning of radiation treatments for which the ultrahigh field MRI safety of ocular tantalum markers has been recently demonstrated (52) . Another potential use would be as a follow-up to proton beam therapy of intraocular tumors.
Glaucoma is often associated with higher intraocular pressure. Ascher (17) reported diminished Na þ levels in AH of glaucomatous eyes. Cole (53) found that reducing plasma sodium concentration, and thereby plasma osmolarity, led to a decrease in concentrations of sodium in the AH and an increase in intraocular pressure, which lasted for several hours. The notion is further supported by the finding that hyponatremia probably contributes to the pathophysiology of bilateral acute angle closure glaucoma (18) .
The characteristics of cataracts also suggest that sodium levels might be informative. The Na þ /K þ gradient between the lens and vitreous humor is maintained by Na þ /K þ -ATPase in the epithelial cell layer of the lens. Ex vivo studies have repeatedly reported elevated Na þ concentrations in cataractous lenses (15, 16) . The ultimate goal of this work is to provide a method that will allow assessment of TSC in the eye and its compartments in vivo, within time frames suitable for clinical applications. Our results support the statement that sodium content in the lens is distinguishable from sodium content in the aqueous and vitreous humor. The pathologic alterations discussed previously reveal that these observations might have clinical importance in a number of contexts. The broad roles of this element in processes related to eye physiology suggest a range of questions for ophthalmological investigations.
